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1. INTRODUCTION {#ame212046-sec-0005}
===============

The definition of pharmacokinetics and pharmacodynamics is an essential step in the development of a new treatment. The vast majority of blood‐brain barrier (BBB) crossing investigations is performed in ex vivo rodent models using a brain uptake index,[1](#ame212046-bib-0001){ref-type="ref"} in situ brain perfusion,[2](#ame212046-bib-0002){ref-type="ref"} brain/plasma ratio,[3](#ame212046-bib-0003){ref-type="ref"} brain homogenate technique,[4](#ame212046-bib-0004){ref-type="ref"} or autoradiography.[5](#ame212046-bib-0005){ref-type="ref"} While several in vivo methods such as cerebrospinal fluid (CSF)[6](#ame212046-bib-0006){ref-type="ref"}, [7](#ame212046-bib-0007){ref-type="ref"} or extracellular fluid (ECF) sampling[8](#ame212046-bib-0008){ref-type="ref"} are available, different imaging techniques such as positron emission tomography[9](#ame212046-bib-0009){ref-type="ref"} or the single‐photon emission computed tomography[10](#ame212046-bib-0010){ref-type="ref"} can also be used, but these imaging techniques are limited by the need for a radioactive isoform of the drug of interest.

While the CSF sampling technique is routinely used, it is limited as it only addresses the drug bioavailability in one specific compartment, most often the spinal CSF. This technique allows for estimating the unbound brain concentration of compounds rapidly penetrating the brain that cross the BBB by passive diffusion.[11](#ame212046-bib-0011){ref-type="ref"} However, CSF sampling is not an accurate procedure when several processes are involved in BBB crossing.[7](#ame212046-bib-0007){ref-type="ref"} On the other hand, ECF sampling can be used to define the pharmacologically active concentration of a drug in a specific anatomical region.[4](#ame212046-bib-0004){ref-type="ref"} Microdialysis is the gold standard when it comes to sampling endogenous or exogenous compounds solubilized in ECF in a specific brain area, thanks to passive diffusion through a dialysis membrane.[12](#ame212046-bib-0012){ref-type="ref"}, [13](#ame212046-bib-0013){ref-type="ref"}

Despite its advantages,[14](#ame212046-bib-0014){ref-type="ref"}, [15](#ame212046-bib-0015){ref-type="ref"}, [16](#ame212046-bib-0016){ref-type="ref"} brain microdialysis is not classically used for measuring drug bioavailability or for evaluating neurotoxic exposition. This technique is mostly performed in rodents while only few studies were conducted in non‐human primates.[17](#ame212046-bib-0017){ref-type="ref"}, [18](#ame212046-bib-0018){ref-type="ref"} The BBB structure is, however, knowingly different between rodents and primates.[19](#ame212046-bib-0019){ref-type="ref"} Such differences account for instance for differential efflux transporter expression[20](#ame212046-bib-0020){ref-type="ref"}, [21](#ame212046-bib-0021){ref-type="ref"}, [22](#ame212046-bib-0022){ref-type="ref"} or differential metabolism.[23](#ame212046-bib-0023){ref-type="ref"}, [24](#ame212046-bib-0024){ref-type="ref"} Thus, the use of microdialysis in the primate brain would provide the most useful information. Here, we demonstrate the usefulness and feasibility of the approach by measuring bioavailability of carbamazepine, digoxin, oxycodone, and quinidine in the striatum, a basal ganglia subcortical structure, of normal awake macaques. These drugs have been selected based upon their differential transport mechanisms across the BBB. For example, digoxin and quinidine are transported by P‐glycoprotein (Pgp).[25](#ame212046-bib-0025){ref-type="ref"}, [26](#ame212046-bib-0026){ref-type="ref"}, [27](#ame212046-bib-0027){ref-type="ref"} Carbamazepine[28](#ame212046-bib-0028){ref-type="ref"} is transported by the breast cancer resistance protein.[29](#ame212046-bib-0029){ref-type="ref"} All drugs cross BBB mainly by passive diffusion[30](#ame212046-bib-0030){ref-type="ref"}, [31](#ame212046-bib-0031){ref-type="ref"}, [32](#ame212046-bib-0032){ref-type="ref"} except oxycodone, which is taken up from blood by the organic cation transporter.[33](#ame212046-bib-0033){ref-type="ref"} However, carbamazepine, digoxin, and quinidine can be influxed into the brain by some influx transporters,[29](#ame212046-bib-0029){ref-type="ref"} organic anion transporters,[34](#ame212046-bib-0034){ref-type="ref"} and organic cation transporters,[35](#ame212046-bib-0035){ref-type="ref"}, [36](#ame212046-bib-0036){ref-type="ref"} respectively.

2. METHODS {#ame212046-sec-0006}
==========

2.1. Animals {#ame212046-sec-0007}
------------

No animal was terminated in the course of this study. Two adult (4 years old, 6.3 and 6.8 kg) male rhesus monkeys (*Macaca mulatta*, Xierxin, Beijing, P. R. China) were used in an AAALAC‐accredited facility. These animals were housed in individual primate cages under controlled conditions for humidity, temperature, and light (12‐hour light/12‐hour dark cycle, lights on at 8.00 [am]{.smallcaps}); food and water were available ad libitum. Animal care was supervised by veterinarians experienced in non‐human primates' husbandry. Experiments were carried out in accordance with European Communities Council Directive (2010/63/EU) for the care of laboratory animals following acceptance of the study design by the Institute of Lab Animal Science (Chinese Academy of Science, Beijing, China) IACUC for non‐human primate experiments.

2.2. Surgery {#ame212046-sec-0008}
------------

All surgery was carried out under isoflurane anesthesia. Customized guide cannulas (CMA 11, Sweden) were placed bilaterally above the precentral cortex (from anterior commissure: anteroposterior +7 mm, lateral 13 mm, depth +12 mm) under stereotactic guidance,[18](#ame212046-bib-0018){ref-type="ref"}, [37](#ame212046-bib-0037){ref-type="ref"}, [38](#ame212046-bib-0038){ref-type="ref"}, [39](#ame212046-bib-0039){ref-type="ref"}, [40](#ame212046-bib-0040){ref-type="ref"} using ventriculography and postoperative X‐ray evaluation. Guide cannulas were permanently fixed to the skull with surgical screws and dental acrylic resin. After 1 week of recovery, microdialysis recordings commenced.

2.3. Microdialysis {#ame212046-sec-0009}
------------------

Animals were trained for 8 weeks before surgery to sit in a primate restraint chair (Crist, USA).[41](#ame212046-bib-0041){ref-type="ref"}, [42](#ame212046-bib-0042){ref-type="ref"}, [43](#ame212046-bib-0043){ref-type="ref"} One week after surgery, concentric dialysis probes (CMA 11, cut‐off 6 kDa, membrane of 2 mm, 240 μm outer diameter, and shaft 16 mm for session 1 and 18 mm for session 2, Sweden) were lowered through the cannula guide to reach the target. Two different lengths were used to perform two dialyses with a 48‐hour interval in the same structure but in a tissue not affected by gliosis, for avoiding such confounding factor.[14](#ame212046-bib-0014){ref-type="ref"} Probes were perfused with artificial CSF (2 μL/min, Harvard Apparatus, France) for 60 minutes for stabilization. Thereafter, dialysates (40 μL) were collected on ice every 20 minutes for 320 minutes postdrug administration. Treatments were applied after stabilization and the four drugs (carbamazepine, digoxin, oxycodone, and quinidine) were concomitantly given by nasogastric gavage in order to control the administrated doses through the same route used in human patients. Treatment doses are shown in Table [1](#ame212046-tbl-0001){ref-type="table"}. The choice of doses was made in accordance to previous studies, Sessions 1 and 2 (dose X and 2X, respectively) took place with a washout of 48 hours. Blood samples were collected immediately before dosing (*t* = 0) and at 1, 3, 5, 9 and 24 hours after the drug was administered. Plasma was separated immediately by centrifugation at 1500 *g* for 10 minutes. Plasma and dialysis samples were immediately frozen after collection at 80°C until analysis. The in vivo recovery of the microdialysis probe for each compound was estimated using in vitro microdialysis. After in vivo microdialysis, CMA 11/2‐mm probes were immersed in an artificial CSF solution containing 80, 0.1, 60, and 60 μg/mL of carbamazepine, digoxin, oxycodone, and quinidine, respectively. A quantity of 1.5 mL of this model solution was placed at 37°C and perfused with artificial CSF solution at 2 μL/min for 2 hours. After 60 minutes of stabilization, the dialysate was collected every 20 minutes interval and stored at --80°C before analysis. The ratio of the concentration in the dialysate vs that in the solution was calculated as the in vitro recovery.

###### 

Drugs: Doses, suppliers, and supporting references

  Drug            Dose X (mg/kg)   Dose 2X (mg/kg)   Supplier                                     References
  --------------- ---------------- ----------------- -------------------------------------------- -------------------------------------------------------------------
  Carbamazepine   7.5              15                Tegretol, Novartis, France                   (Lockard et al, 1974)
  Digoxin         0.05             0.1               Digoxine nativelle, Teofarma, France         (Mayer et al, 1996; Nademanee et al, 1984; Ragueneau et al, 1999)
  Oxycodone       5.0              10                Oxynorm, Mundipharma, France                 (Hassan et al, 2007; Lalovic et al, 2006; Leow et al, 1992)
  Quinidine       12.5             25                Quinidine anhydrous, Sigma Aldrich, France   (Phillips et al, 1985; Sindrup et al, 1996; Starling et al, 1997)
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2.4. Sample preparation {#ame212046-sec-0010}
-----------------------

After thawing at room temperature for 1 hour, plasma samples or dialysate samples were mixed on a vortex mixer for 15 seconds. A quantity of 20 μL of plasma or CSF was added with 100 μL of the internal standard solution (glibenclamide at 0.02 μg/mL dissolved in methanol) then vortex‐mixed for 30 seconds. Samples were then centrifuged at 10 000 *g* for 10 minutes at room temperature and 3 μL of the supernatant aliquot was injected into the liquid chromatography coupled to mass spectrometry system.

A modified protocol was used to detect digoxin in plasma. After thawing at room temperature for 1 hour, plasma samples were mixed on the vortex mixer for 15 seconds. Aliquots of 1.0 mL of plasma samples were placed into 10‐mL conical plastic test tubes containing with 50 μL of the internal standard solution. Samples were vortex‐mixed for 15 seconds and then 5 mL of methyl tertiary butyl ether was added. Test tubes were then vortex‐mixed vigorously for 90 seconds and centrifuged at 4500 *g* for 10 minutes. The supernatant was dried under a stream of nitrogen. The residue was reconstituted in 50 μL of methanol, and then centrifuged at 10 000 *g* for 10 minutes. A quantity of 3 μL aliquots of the supernatant was then injected into the liquid chromatography coupled to mass spectrometry system.

2.5. Chemical information {#ame212046-sec-0011}
-------------------------

Analytical grade carbamazepine, digoxin, oxycodone, quinidine, and ammonium acetate (Sigma‐Aldrich, Saint Louis, MO, USA), and glibenclamide (National Institute for the control of Pharmaceutical and Biological Products, Beijing, China) were used for calibration. High‐performance liquid chromatography grade methanol (Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA) and acetonitrile (Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA and Honeywell Burdick & Jackson, Muskegon, Ml, USA) was used for chromatography. Methyl tertiary butyl ether (Merck Inc., Darmstadt, Germany) was of analytical grade. Deionized water used throughout the study was purified by a Milli‐Q^R^ Academic water purification system (Merck Millipore, Billerica, MA, USA).

2.6. Sample analysis {#ame212046-sec-0012}
--------------------

The analysis was performed on an Agilent 6410B triple quadrupole liquid chromatography‐mass spectrometer system (Agilent Technologies, Santa Clara, CA, USA) consisting of an Agilent 1200 RRLC system connected to a triple quadrupole mass spectrometer with an electrospray ionization interface usable in either positive‐ionization or negative‐ionization mode. A MassHunter workstation was used for chromatography‐mass spectrometer control and data acquisition (Agilent Technologies).

The high‐performance liquid chromatography separations were achieved using a Capcell pak C18 MG II (2.0 mm × 50 mm, 3 μm, Shiseido, Tokyo, Japan) column. The mobile phase consisted of solvent A (water and acetonitrile (90:10), containing 10 mM ammonium acetate) and solvent B (water and acetonitrile (20:80), containing 10 mM ammonium acetate) delivered at a flow rate of 0.4 mL/min. The gradient elution started with 0% B and reached 20% B at 0.5 minutes, maintained 20% B for 0.8 minutes, then reached 50% B at 2 minutes, 100% B at 5 minutes, maintained 100% B for 1.0 minute, and then quickly returned to 0% B at 6.1 minutes, which was maintained for 1.9 minutes. The column temperature was maintained at 35°C, and the sample injection volume was 3 μL.

The optimum operating parameters of the electrospray ionization interface in the positive mode were as follows: nebulizer: 45 psi, dry gas: 10 L/min, dry temperature: 350°C, capillary: 4000 V, delta electron multiplier voltage: 600 V, 0‐1 minute: to waste, 1‐8 minutes: to mass spectrometer. Quantification was achieved using the multiple‐reaction‐monitoring mode. The following precursor‐to‐product ion transitions were subjected to multiple reaction monitoring: for carbamazepine, *m/z* 237.0 to *m/z* 194.0 (fragmentor, 120 V; collision energy, 18 V); for quinidine, *m/z* 325.0 to *m/z* 184.0 (160 V; 25 V); for lovastatin, *m/z* 405.0 to *m/z* 199.0 (90 V; 15 V); for simvastatin, *m/z* 419.0 to *m/z* 199.0 (90 V; 15 V); and for glibenclamide, *m/z* 494.0 to *m/z* 169.0 (90 V; 15 V).

The limit of quantification for carbamazepine, oxycodone, and quinidine was 2.5 ng/mL and was 0.25 ng/mL for digoxin. The limit of detection for all drugs was not measured.

2.7. Pharmacokinetics analysis {#ame212046-sec-0013}
------------------------------

The area under the plasma or brain concentration‐time curve (AUC~0‐24 h~) was estimated by the trapezoidal rule integration using R software version 2.13.2.[44](#ame212046-bib-0044){ref-type="ref"} The half‐time (*t* ~1/2~) was calculated using the least‐squares linear regression analysis of the terminal part of the log concentration‐time curves, described by the two following equations: Equation 1: ${ke}\, = \,{(\ln({Concentration}}\,{t1) - \ln({Concentration}}\,{t2))/(t2 - t1)}$; Equation 2: $t_{1/2}\, = \,{\ln(2)/{ke}}$. With ke the elimination rate constant. The correlations between plasma and dialysate samples were drawn thanks to a linear regression passing through the origin. The coefficients of determination were calculated using R software version 2.13.2.[44](#ame212046-bib-0044){ref-type="ref"}

3. RESULTS {#ame212046-sec-0014}
==========

3.1. Probes recovery {#ame212046-sec-0015}
--------------------

The recovery of the microdialysis probes was determined in vitro by measuring the gain in the dialysis solution for each compounds: 6.2 ± 0.1, 6.1 ± 0.1, and 3.4 ± 0.2 % (mean ± SEM) for carbamazepine, oxycodone, and quinidine, respectively (Table [2](#ame212046-tbl-0002){ref-type="table"}). For digoxine, the recovery was below 0.2 % (Table [2](#ame212046-tbl-0002){ref-type="table"}).

###### 

Recovery of microdialysis probes. Results are expressed as mean ± SEM

  Drug           Solution (μg/mL)   Dialysate (μg/mL)   Recovery (%)
  -------------- ------------------ ------------------- --------------
  Carbamazepin   79.4 ± 1.4         4.9 ± 0.1           6.2 ± 0.1
  Digoxine       101 ± 2 ng/mL      \<0.20 ng/mL        \<0.2
  Oxycodone      59.1 ± 0.4         3.6 ± 0.1           6.1 ± 0.1
  Quinidin       58.0 ± 4.7         1.91 ± 0.03         3.4 ± 0.2
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3.2. Carbamazepine {#ame212046-sec-0016}
------------------

Carbamazepine showed a large plasma and ECF bioavailability correlated with the dose (Figure [1](#ame212046-fig-0001){ref-type="fig"}) and a dialysate/plasma ratio of 1.139 ± 0.075 (Table [3](#ame212046-tbl-0003){ref-type="table"}). Plasma and dialysis *t* ~max~ were comparable (Table [3](#ame212046-tbl-0003){ref-type="table"}) while *t* ~1/2~ differed between both compartments, 3.6 ± 0.6 hours in plasma and shorter in dialysate with 2.3 ± 0.1 hours (Table [3](#ame212046-tbl-0003){ref-type="table"}).

![Plasma and brain pharmacokinetic of carbamazepine, digoxin, oxycodone, and quinidine. Analysis of plasma (A‐B) and microdialysis (C‐E) levels and of their relationship (D‐F) in awake normal macaques administered with carbamazepine (black dot), digoxin (green diamond), oxycodone (blue triangle), and quinidine (red square) at dose X (A‐C‐D) or dose 2X (B‐E‐F). Data are presented as mean ± with SEM](AME2-1-314-g001){#ame212046-fig-0001}

3.3. Digoxin {#ame212046-sec-0017}
------------

Digoxin showed a low plasma level and was not detected in dialysis samples (concentration was lower than 0.20 ng/mL) (Table [3](#ame212046-tbl-0003){ref-type="table"}). The bioavailability is correlated with the dose (Table [3](#ame212046-tbl-0003){ref-type="table"}).

3.4. Oxycodone {#ame212046-sec-0018}
--------------

Oxycodone showed a low plasma level but a substantial level in dialysate (Figure [1](#ame212046-fig-0001){ref-type="fig"}) correlated with the dose and a dialysate/plasma ratio at 3.681 ± 0.645 (Table [3](#ame212046-tbl-0003){ref-type="table"}). Plasma and dialysis *t* ~1/2~ were comparable (Table [3](#ame212046-tbl-0003){ref-type="table"}) while *t* ~max~ differed between both compartments 3.0 ± 0.7 hours in plasma and shorter in dialysate with 1.8 ± 0.5 hours (Table [3](#ame212046-tbl-0003){ref-type="table"}).

3.5. Quinidine {#ame212046-sec-0019}
--------------

Quinidine showed a low plasma level with a substantial level in dialysate (Figure [1](#ame212046-fig-0001){ref-type="fig"}). Interestingly, plasma and dialysate pharmacokinetics parameters were not comparable and not correlated with the dose (Table [3](#ame212046-tbl-0003){ref-type="table"}). Half‐time were 3.7 ± 0.6 and 0.6 ± 0.1 hours and *t* ~max~ were 2.0 ± 0.5 and 0.7 ± 0.1 hours in plasma and dialysis samples, respectively (Table [3](#ame212046-tbl-0003){ref-type="table"}).

###### 

Plasma and brain pharmacokinetic parameters. Results expressed as mean ± SEM

                  Plasma            ECF dialysate                                            Ratio                                                                                                                                                                                                                                                         
  --------------- ----------------- -------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------ --------------- ------------- ----------------- -------------- ----------- ----------- --------------
  Carbamazepine   7.5               3 217.0 ± 612.0                                          1 013.4 ± 192.8[a](#ame212046-note-0002){ref-type="fn"}   856.5 ± 91.8                                          269.8 ± 28.9[a](#ame212046-note-0002){ref-type="fn"}   2 ± 0.5         3.6 ± 0.6     1 070.5 ± 233.7   321.6 ± 45.3   2.7 ± 0.3   2.3 ± 0.1   113.9 ± 7.5
  15              5 649.6 ± 259.4   1 779.9 ± 81.9[a](#ame212046-note-0002){ref-type="fn"}   1 333.0 ± 16.5                                            419.9 ± 5.2[a](#ame212046-note-0002){ref-type="fn"}   2 192.1 ± 43.3                                         693.4 ± 27.5                                                                           
  Digoxin         0.05              5.2 ± 0.5                                                2.5 ± 0.2[b](#ame212046-note-0003){ref-type="fn"}         1.3 ± 0.1                                             0.6 ± 0.1[b](#ame212046-note-0003){ref-type="fn"}      5 ± 1.2         30.9 ± 10.1   /                 /              /           /           /
  0.1             10.8 ± 2.2        5.1 ± 1.0[b](#ame212046-note-0003){ref-type="fn"}        3.0 ± 0.3                                                 1.4 ± 0.1[b](#ame212046-note-0003){ref-type="fn"}     /                                                      /                                                                                      
  Oxycodone       5                 127.7 ± 20.8                                             70.2 ± 11.4[c](#ame212046-note-0004){ref-type="fn"}       36.4 ± 2.5                                            20.0 ± 1.4[c](#ame212046-note-0004){ref-type="fn"}     3 ± 0.7         5.4 ± 0.3     244.2 ± 13.3      104.8 ± 34.4   1.8 ± 0.5   4.2 ± 1.1   368.1 ± 64.5
  10              238.1 ± 35.2      131.0 ± 19.3[c](#ame212046-note-0004){ref-type="fn"}     65.2 ± 7.2                                                35.9 ± 4.0[c](#ame212046-note-0004){ref-type="fn"}    457.9 ± 12.5                                           232.6 ± 24.6                                                                           
  Quinidine       12.5              2 442.8 ± 238.4                                          193.0 ± 18.9[d](#ame212046-note-0014){ref-type="fn"}      722.0 ± 28.0                                          57.0 ± 2.2[b](#ame212046-note-0003){ref-type="fn"}     2 ± 0.5         3.7 ± 0.6     94.4 ± 23.6       190.9 ± 49.9   0.7 ± 0.1   0.6 ± 0.1   65.3 ± 24.3
  25              6 496.8 ± 550.7   512.7 ± 43.9[d](#ame212046-note-0014){ref-type="fn"}     1 836.0 ± 66.5                                            145.0 ± 5.3[b](#ame212046-note-0003){ref-type="fn"}   377.7 ± 102.3                                          669.5 ± 135.1                                                                          

All dialysate concentrations are corrected by the probe recovery factors showed in Table [2](#ame212046-tbl-0002){ref-type="table"}.

Data corrected by the free plasma factor showed in Ref. [49](#ame212046-bib-0049){ref-type="ref"}.

Data corrected by the free plasma factor showed in Ref. [47](#ame212046-bib-0047){ref-type="ref"}.

Data corrected by the free plasma factor showed in Ref. [48](#ame212046-bib-0048){ref-type="ref"}.

Data corrected by the free plasma factor showed in Ref. [63](#ame212046-bib-0063){ref-type="ref"}.

John Wiley & Sons, Ltd

4. DISCUSSION {#ame212046-sec-0020}
=============

We show that microdialysis in the awake normal macaque is a reliable method for the detection of small molecule bioavailability in the central nervous system. All drugs, except digoxin, were found in dialysate samples and showed a correlation to plasma levels (Figure [1](#ame212046-fig-0001){ref-type="fig"}). Because they were obtained in the awake monkey, and since no animals were terminated for the completion of this study, these data advance the definition of brain availability of drugs when compared to previous microdialysis studies performed in sedated rhesus monkeys.[45](#ame212046-bib-0045){ref-type="ref"} Sedation indeed modifies the hemodynamic parameters, inducing changes in brain chemistry and electrophysiology.[15](#ame212046-bib-0015){ref-type="ref"}, [46](#ame212046-bib-0046){ref-type="ref"}

Although this brain pharmacokinetic model shows interesting perspectives, the study is limited for several reasons. First, we did not evaluate the plasmatic unbound fraction of drugs but used primate data from literature.[47](#ame212046-bib-0047){ref-type="ref"}, [48](#ame212046-bib-0048){ref-type="ref"}, [49](#ame212046-bib-0049){ref-type="ref"} Our main goal was not to analyze the plasma and brain pharmacokinetics parameters of the four selected drugs, but rather to demonstrate the feasibility and reliability of the approach in the awake macaque. A larger cohort would be required for measuring brain levels of new chemical entities or neurotoxicant in future studies. Given the interindividual variability observed in this study, a minimum of six animals would be required. However, the drugs being used in this study are well‐known drugs. The purpose of the study was to compare the human and macaque bioavailability, hence, the choice of well‐known drugs. The power was therefore sufficient for highlighting the similarities between human patients and non‐human primates.

Carbamazepine crosses the BBB by passive diffusion[32](#ame212046-bib-0032){ref-type="ref"} but some influx transporter may also be involved[29](#ame212046-bib-0029){ref-type="ref"} and is not efflued by Pgp[28](#ame212046-bib-0028){ref-type="ref"}, [50](#ame212046-bib-0050){ref-type="ref"}, [51](#ame212046-bib-0051){ref-type="ref"} (but see Ref. [52](#ame212046-bib-0052){ref-type="ref"}) but may be transported by adenosine triphosphate‐binding cassette transporters, such as the breast cancer resistance protein.[29](#ame212046-bib-0029){ref-type="ref"} Dialysate/plasma ratio of the carbamazepine was approximately 100% reported from human[53](#ame212046-bib-0053){ref-type="ref"} or from rat[54](#ame212046-bib-0054){ref-type="ref"} and is comparable to our data suggesting that there is no species‐related differences for this drug in BBB transport.

Digoxin was not found in dialysate samples as expected according to data suggesting digoxin enters CSF very slowly with a *t* ~max~ 10 hours later than the plasmatic peak and according to the low plasma level of free drug. Digoxin crosses the BBB by passive diffusion[30](#ame212046-bib-0030){ref-type="ref"} but is poorly lipid‐soluble and slowly enters the CSF[55](#ame212046-bib-0055){ref-type="ref"} and is a substrate of Pgp.[25](#ame212046-bib-0025){ref-type="ref"}, [56](#ame212046-bib-0056){ref-type="ref"} Moreover, it also seems digoxin crosses the BBB by active transport via organic anion‐transporting polypeptide 2.[25](#ame212046-bib-0025){ref-type="ref"}, [34](#ame212046-bib-0034){ref-type="ref"}, [57](#ame212046-bib-0057){ref-type="ref"} This transporter, also known as solute carrier 21A6,[58](#ame212046-bib-0058){ref-type="ref"} is expressed in rodent[20](#ame212046-bib-0020){ref-type="ref"}, [57](#ame212046-bib-0057){ref-type="ref"} but not in humans[22](#ame212046-bib-0022){ref-type="ref"} or non‐human primates.[21](#ame212046-bib-0021){ref-type="ref"} Moreover, the total clearance and bioavailability are comparable between human and monkey[47](#ame212046-bib-0047){ref-type="ref"} while total clearance was higher in rodent.[34](#ame212046-bib-0034){ref-type="ref"} These data support the fact that the non‐human primate model is closer to human physiology for estimating brain availability of drugs which, like digoxin, have clear species‐related differences in BBB transport.

Oxycodone crosses the BBB by active absorption through organic cation transporter[33](#ame212046-bib-0033){ref-type="ref"}, [59](#ame212046-bib-0059){ref-type="ref"} and is not a substrate of Pgp.[26](#ame212046-bib-0026){ref-type="ref"} Dialysate/plasma ratio is similar between macaque and rat, 368.1 ± 64.5 % (Table [3](#ame212046-tbl-0003){ref-type="table"}) and 300%,[60](#ame212046-bib-0060){ref-type="ref"} respectively, but to the best of our knowledge, no dialysis data is available for oxycodone in humans. Interestingly, brain bioavailability shows a large variability between rodent species.[61](#ame212046-bib-0061){ref-type="ref"}, [62](#ame212046-bib-0062){ref-type="ref"} Since the organic cation transporter involved in oxycodone transport across BBB is not clearly identified,[59](#ame212046-bib-0059){ref-type="ref"} it is therefore not possible to compare its expression between species and draw conclusions about pharmacokinetics differences based on such a differential expression as for digoxin.

Quinidine has a low molecular weight (324 g/mol), high lipophilicity, and besides passive diffusion,[31](#ame212046-bib-0031){ref-type="ref"} quinidine would cross the BBB by active transport through organic cation transporter, especially the organic cation/carnitine transporter.[35](#ame212046-bib-0035){ref-type="ref"}, [36](#ame212046-bib-0036){ref-type="ref"} It is also a substrate of Pgp[27](#ame212046-bib-0027){ref-type="ref"} accounting for a fast but short BBB crossing explaining why the brain/plasmatic ratio differs between techniques assessing brain quinidine bioavailability[54](#ame212046-bib-0054){ref-type="ref"} and why the coefficients of determination of brain/plasmatic ratio is low in transient condition (Figure [1](#ame212046-fig-0001){ref-type="fig"}). Dialysate/plasma ratio is lower in rat, 65.3 ± 24.3% (Table [3](#ame212046-tbl-0003){ref-type="table"}) and 3.83 ± 0.55%[63](#ame212046-bib-0063){ref-type="ref"} for macaque and rat, respectively, but, to the best of our knowledge, no dialysis data are available for humans. These data support the fact that there are species‐related differences in BBB transport of quinidine.

Drugs that are substrate of Pgp, like digoxine and quinidine, show a difference in bioavailability or brain pharmacokinetic parameters between rodents and primates. This can be explained by the level of Pbp expression in blood‐ECF barrier of macaques and rodents, 5.12 ± 0.91 fmol/μg prot[21](#ame212046-bib-0021){ref-type="ref"} and 14.1 ± 2.1 fmol/μg prot,[22](#ame212046-bib-0022){ref-type="ref"} respectively, while the expression level is 6.06 ± 1.69 fmol/μg prot for human.[22](#ame212046-bib-0022){ref-type="ref"} Pgp is the more abundant efflux transporter in rodent[22](#ame212046-bib-0022){ref-type="ref"} unlike primate for whom it is adenosine triphosphate‐binding cassette G2 (breast cancer resistance protein).[21](#ame212046-bib-0021){ref-type="ref"}, [22](#ame212046-bib-0022){ref-type="ref"}

Our results suggest that depending on the protein involved in the efflux transport from the brain, the non‐human primate model can predict more reliably the human brain bioavailability. This in part because of the comparable efflux protein expression profiles in brain microvessels of the two species.[21](#ame212046-bib-0021){ref-type="ref"}, [22](#ame212046-bib-0022){ref-type="ref"} Other proteins are involved in the BBB function like enzymes[64](#ame212046-bib-0064){ref-type="ref"} and tight junction proteins.[65](#ame212046-bib-0065){ref-type="ref"}, [66](#ame212046-bib-0066){ref-type="ref"} These species‐specific differences in expression need to be more thoroughly investigated to make a rational choice of model of human brain pharmacokinetic.

5. CONCLUSION {#ame212046-sec-0021}
=============

Microdialysis in the awake non‐human primate allows to model human brain pharmacokinetics as accurately as possible with the advantage of dialyzing in the brain area of interest for the considered disease in highly relevant animal model. Such procedure is particularly relevant to the investigations of new chemical entities or putative neurotoxicants that cause neurological disorders.[67](#ame212046-bib-0067){ref-type="ref"} The brain pharmacokinetics and pharmacodynamics profiles of drugs are still inadequately addressed in most development programs and such a platform is needed for our knowledge of pharmacokinetic and pharmacodynamics properties in the brain.
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